Context. Barium (Ba) stars are dwarf and giant stars enriched in elements heavier than iron produced by the slow neutron-capture process (s process). They belong to binary systems where the primary star evolved through the asymptotic giant branch (AGB) phase, during which it produced the s-process elements and transferred them onto the secondary, now observed as a Ba star. Aims. We compare the largest homogeneous set of Ba giant star observations of the s-process elements Y, Zr, La, Ce, and Nd with AGB nucleosynthesis models to reach a better understanding of the s process in AGB stars. Methods. By considering the light-s (ls: Y and Zr) heavy-s (hs: La, Ce, and Nd) and elements individually, we computed for the first time quantitative error bars for the different hs-element/ls-element abundance ratios, and for each of the sample stars. We compared these ratios to low-mass AGB nucleosynthesis models. We excluded La from our analysis because the strong La lines in some of the sample stars cause an overestimation and unreliable abundance determination, as compared to the other observed hs-type elements. Results. All the computed hs-type to ls-type element ratios show a clear trend of increasing with decreasing metallicity with a small spread (less than a factor of 3). This trend is predicted by low-mass AGB models where 13 C is the main neutron source. The comparison with rotating AGB models indicates the need for the presence of an angular momentum transport mechanism that should not transport chemical species, but significantly reduce the rotational speed of the core in the advanced stellar evolutionary stages. This is an independent confirmation of asteroseismology observations of the slow down of core rotation in giant stars, and of rotational velocities of white dwarfs lower than predicted by models without an extra angular momentum transport mechanism.
Introduction
Barium (Ba) stars are a type of chemically peculiar star (G-K giants or dwarfs) belonging to a binary system where the material formed in the interior of the more evolved primary star during the asymptotic giant branch (AGB) phase was transferred onto the companion star. Consequently the less evolved secondary star is enriched in the elements heavier than Fe (including Ba) that were synthesised in the AGB star companion through the slow neutron capture (s) process (e.g., Busso et al. 1999) . As it was first recognised by Bidelman and Keenan (1951) , Ba stars also show strong CH, C 2 molecular bands, indicating enrichment in C. This is in agreement with the idea of mass transfer from an AGB star, since these stars produce also carbon. Further evidence for the AGB origin of the abundances of Ba stars was provided by the discovery of a low-metallicity Ba star rich in F, another AGB product (Alves-Brito et al. 2011 ). Radial velocity observations confirm this scenario: the large majority of Ba stars show radial velocity variations originating from orbital motion, meaning that a companion star is present in the system (see, e.g., Griffin and Griffin 1980; Griffin and Herbig 1981; McClure 1983; Jorissen and Mayor 1988; McClure and Woodsworth 1990; Jorissen et al. 1998 ). The primary star in these systems should now be a white dwarf (WD), as confirmed in some cases by UV observations (see, e.g., Boehm-Vitense 1980; Schindler et al. 1982; Dominy and Lambert 1983; Bohm-Vitense et al. 1984; Jorissen et al. 1996; Böhm-Vitense et al. 2000; Frankowski and Jorissen 2006) . The features of the mass transfer mechanism that produced these systems, most likely wind accretion, however, are still under debate. A main problem is that wind accretion predicts much larger final orbits for the binary systems than those observed in the Ba star population. Solutions include a white-dwarf kick (Izzard et al. 2010 ), A&A proofs: manuscript no. main although this possibility has been disputed by Milliman et al. (2015) , and an eccentricity-enhancing mechanism due to tidally enhanced mass loss (Bonačić Marinović et al. 2008) . Hydrodynamical simulations of wind mass transfer have been performed by Liu et al. (2017) , who found that along with increase of the mass ratio of the system, also the mass-accretion efficiency and the accreted specific angular momentum increase. A potential problem is that accretion increases the angular momentum such that the star quickly reaches critical rotational velocity ).
In AGB stars, C and s-process elements are produced in the He-rich intershell located between the H-burning and the Heburning shells. The two burning shells are activated alternately: H burning is present most of the time, and it is recurrently interrupted by brief episodes of He burning (thermal pulses, TPs). These produce enough energy at the bottom of the intershell to drive a convective zone within it. Once this convective region disappears, the extended H-rich convective envelope deepens into the He-rich intershell layers, carrying to the stellar surface the C resulting from partial He burning. These recurrent mixing episodes are collectively known as the third dredge-up (TDU). The s-process elements are produced via the capture of neutrons on Fe seeds, with neutrons released both during the H-burning phases, within a so-called Mg reaction, if the temperature reaches above ≃300 MK (Gallino et al. 1998; Goriely and Mowlavi 2000; Busso et al. 2001; Lugaro et al. 2003b; Cristallo et al. 2009 ). The resulting abundances are carried to the stellar surface via the TDU. In AGB stars of relatively low mass (< 4-5 M ⊙ ) the temperature barely reaches 300 MK, and the 13 C nuclei are the predominant neutron source. For higher masses the 22 Ne neutron source becomes predominant. To generate enough 13 C nuclei in low-mass AGB stars it needs to be assumed that some partial mixing occurs between the base of the convective envelope and the radiative intershell at the deepest extent of each TDU episode, leaving an abundance profile of protons in the radiative He-rich region. The protons react with the abundant 12 C to produce the 13 C pocket. Within this pocket the neutron exposure τ, i.e., the time-integrated neutron flux, is relatively large, of the order of 10 −1 to 1 mbarn, resulting in strong enhancements (up to 10 3−4 times the initial abundances) of the nuclei heavier than Fe. These are mixed inside the TP convective region and then carried to the stellar surface by the following TDU. See Herwig (2005) , Straniero et al. (2006) , Käppeler et al. (2011) , and Karakas and Lattanzio (2014) for recent reviews on AGB stars and the s process.
Barium stars can provide us stringent constraints on the s process in AGB stars because we can perform a more straightforward, accurate, and precise derivation of the abundances of different elements on their surfaces than on the AGB stars themselves. The temperatures of Ba stars (from over 4000K up to 6500K) are higher than those of late AGB stars (≃ 3000-4000K), consequently, the spectra of Ba stars are easier to model than those of AGB stars because there are less molecules. Furthermore, the atmospheres of AGB stars are characterised by strong dynamical processes, such as pulsations and mass loss, as well as dust formation, which makes their modelling challenging (Abia et al. 2002; Pérez-Mesa et al. 2017) . Ba stars cover a range of metallicity roughly from solar to 1/10 th of solar, which makes them the higher-metallicity equivalent of s-process enriched CH and carbon-enhanced metal-poor stars (CEMP-s) in the halo (e.g., Lucatello et al. 2005; Masseron et al. 2010 ; Bonifacio et al. 2015; Cristallo et al. 2016; Yoon et al. 2018 , and references therein).
Up to a couple of years ago, observations of Ba stars were limited, both in number and in terms of the self-consistency of the spectral analysis. Allen and Barbuy (2006a; 2006b) presented a self-consistent sample of 26 Ba dwarfs and giants observed with the FEROS spectrograph (R=48000 Kaufer et al. 1999) . Smiljanic et al. (2007) compared normal giants and roughly 10 Ba stars with different s-process enhancements. The spectra were also taken with the FEROS spectrograph with high S/N ratio (≈500-600). The number of known Ba stars grew with the discovery of 12 metal-rich Ba giants based on a high resolution spectroscopic survey of 230 stars (Pereira et al. 2011 ). Yang et al. (2016 derived atmospheric parameters and abundances for 19 Ba giants with somewhat lower resolution (R∼30000) than the other observations. Recently, Karinkuzhi et al. (2018a) published an analysis of three Ba stars based on FEROS spectra and Karinkuzhi et al. (2018b) observed further 18 Ba stars with the HERMES spectrograph (Raskin et al. 2011) . All the mentioned papers observed different s-process elements. The situation changed substantially since the study by de Castro et al. (2016) (hereafter deC16), where 182 Ba stars candidates were observed and analysed. Here, we present a detailed comparison between this largest available sample of high resolution spectroscopic observations of Ba stars from deC16 and predictions for the abundances of the s-process elements produced in AGB models. The final aim is to derive the implications of these new data on our understanding of the sprocess in AGB stars.
Sample stars and error calculations
We consider the largest, self-consistent data set of abundances derived from high-resolution observational data of bona fide and possible Ba stars published by deC16. The whole sample of 182 stars is an order of magnitude larger than those available previously (e.g., as mentioned above, Antipova et al. 2004 with 16 stars, Allen and Barbuy 2006a with 26 stars, and Yang et al. 2016 with 19 stars) and includes Ba giant stars in a wide range of mass, temperature, and metallicity. The observations were carried out with the FEROS spectrograph (R=48000 Kaufer et al. 1999) , which covers the spectral region from 3800 to 9200 Å. The determination of the atmospheric parameters and the abun-dances of the elements were calculated by measuring the equivalent widths (EW) of the spectral lines. See Sec. 4 of deC16 for more details. To date, extensive use of the so-called "ls" and "hs" indexes has been made in relation to observations of s-process elements. These indexes are calculated as the arithmetic average of the [X/Fe] ratios of the elements belonging to the first (light, ls) and second (heavy, hs) s-process peaks (Luck and Bond 1991) , referred as peaks due to their higher abundances in the solarsystem s-process distribution. Observable elements heavier than Fe that have been considered to belong to the first/second sprocess peak are Sr, Y, and Zr/Ba, La, Ce, Pr, Nd, and Sm and are characterised by isotopes with or close to neutron magic number of neutrons N = 50/N = 82. A third peak is located at Pb with N = 126. These elements are more produced by the s process relatively to the other elements because their neutron-capture cross sections are significantly lower, by up to orders of magnitude, than those of the other isotopes heavier than Fe. During a neutron exposure these magic neutron isotopes are less likely to capture a neutron; they accumulate, resulting in higher abundances.
Here, we will not use the s-process indexes described above, but consider directly each first and second observed s-process peak element separately. The main reason is that the usage of the ls and hs indexes does not allow a straightforward calculation of the uncertainty. When comparing to the models, a typical value of the order of ±0.25 dex has been taken as the error bar for all the stars considered, rather than computed for each individual star. The ls and hs indexes were originally introduced to maximize the information from the spectroscopic analysis and variations in the choice of elements used to calculate them were made to follow the quality of the spectra. However, with the highresolution spectra and self-consistent sample analysis of deC16 there is a priori no need to maximize information nor to select elements depending on the quality of the spectra. Considering elemental ratios directly rather than averaged indexes allows us to significantly improve the error analysis, calculate uncertainties for individual stars, and single out potential issues related to specific elements. Furthermore, observational studies are able to observe only a number of elements belonging to the first and second peak and the choice of elements used to compute the indexes needed to be adjusted accordingly. Theoretical studies have used different elements to compute ls and hs, see, for example, definitions in Busso et al. (2001) and Lugaro et al. (2012) . This is in principle justified because different elements belonging to the same s-process peaks are to first order produced in similar amount by the s process relative to their solar abundances. However, it can lead to inconsistencies of the order of 0.1-0.2 dex when comparing results to each other, in particular when considering elements such as Nd, Pr, and Sm whose solar abundances are not predominantly of s-process origin (Arlandini et al. 1999; Bisterzo et al. 2011 ).
Sixteen out of 169 stars in our sample show unexpectedly high La abundances with [La/Fe]>2.0 (Fig. 1) . 3), and we considered the possibility that the La enhancements in these stars may be an observational artefact. We found that they are most likely caused by the very strong La lines (EW 150 mÅ) in their spectra. For this reason we decided to exclude La from further analysis. The other hs elements (Ce and Nd) considered by deC16 do not have such strong lines as La and can be used safely as proxies of the second s-process peak. Smiljanic et al. (2007) also noted that the uncertainties of the s-process elements abundances for some of their sample stars may be underestimated due to the same problem of determining accurate abundances for elements with very strong lines in the spectra of Ba stars.
We calculated individual error bars for each ratio between a second (Ce and Nd) and a first (Y and Zr) peak element by combining the uncertainties coming from the model atmospheres, and from the dispersion of the observed abundances if at least three lines are available for the given element. These calculated errors are likely to be upper limits because most of the stellar parameters are not independent from each other. The steps of our error calculations are the following:
1. Calculate the variation as the difference of two elements (X and Y) for ∆T eff , ∆logg, ∆ξ, ∆[Fe/H], and ∆W λ from Tables 9, 10, and 11 of deC16. The stars were grouped in these three tables according to three temperature ranges: 5000-5400 K, 4700-4900 K, and 4100-4600 K. The uncertainty was calculated as:
The calculated value for each group was applied to all the stars belonging to the same group. 2. Calculate the uncertainty coming from the dispersion of the abundances as: (σ obs 
, where A and B are two different elements, N is the number of lines for each element and σ obs is the dispersion of the abundances among different lines. 3. Combine the errors calculated in steps 1 and 2 above by taking the square root of the sum of the squares of the two errors. 2) a spread of roughly a factor of three (dashed lines at ±0.25) at any given metallicity, (3) a few (<5%) outliers located with their error bars outside the dashed lines at both higher and lower [Ce/Y] values. These results represent a significant improvement with respect to all the previously available data. In fact, early studies aimed at understanding the physics of the s process in AGB models using spectroscopic observations (Smith and Lambert 1988; Busso et al. 1992 Busso et al. , 1995 Busso et al. , 2001 had to rely on very limited data sets and to consider together all the available observations, not only from Ba stars but also from AGB stars themselves and post-AGB stars (see, e.g., Figure 12 of Cristallo et al. 2011) . How-A&A proofs: manuscript no. main 
Models
For comparison to the observational data we consider two sets of models: the FRUITY models available online via the FRUITY database 2 (Cristallo et al. 2009 (Cristallo et al. , 2015b ) and the Monash models Fishlock et al. 2014; Karakas and Lugaro 2016; Karakas et al. 2018) . These data sets are the most complete available for the s-process in AGB stars in terms of stellar mass and metallicity. The FRUITY models are available for 8 metallicities between Z=0.001 and 0.02, covering the whole range of Ba stars. The Monash models are available for 5 metallicities between Z=0.001 to 0.03. Models produced by the NuGRID collaboration have also become recently available Battino et al. 2016; Ritter et al. 2017) for 4 metallicities in the range of interest here: 0.001, 0.006, 0.01, and 0.02. We do not include these models in the following tables but will discuss them and compare with the Monash and FRUITY models where relevant 3 . The details of the models have been reported elsewhere and we refer the reader to the papers mentioned above. All the models presented here were calculated using initial solar scaled abundances from Asplund et al. (2009) . Some FRUITY models were further computed including stellar rotation (Piersanti et al. 2013 ) and we will include some of these models in the discussion. In Table 1 and Fig. 3 we present the results from the FRUITY models and in Table 2 and Fig. 4 those from the Monash models. We select only models that are able to achieve [s/Fe]>0.25 dex at the stellar surface, since this is the same condition applied by deC16 to define Ba stars. However, the Ba stars from deC16 are all giants and dilution of the s-process AGB material deposited on the 2 http://fruity.oa-teramo.inaf.it/ 3 Another recent stellar AGB model yield set for different metallicities has been used in a focus study on the Galactic chemical evolution of heavy elements (Bisterzo et al. 2016 ), we do not consider it here since tabulated data are not available. stellar surface necessarily occurred due to the presence of their convective envelope. Consequently, only the models that achieve [s/Fe] above roughly 0.5 dex are appropriate for the comparison here, as will be discussed in detail at the start of Sec. 4. On the other hand, all the models we present here are appropriate for future comparison to observations of Ba dwarfs. Even if these are less luminous and more difficult to observe than the Ba giants considered here, the number of known Ba dwarfs is continuously growing (see, e.g., Kong et al. 2018 , and references therein). In the case of Ba dwarfs, the material deposited on the stellar surface during the mass transfer may remain undiluted, although several mixing processes could occur that may carry it deeper into the star and dilute it. These processes have been investigated in detail mostly in relation to CEMP stars (see, e.g., Matrozis and Stancliffe 2017, and references therein).
The FRUITY models include the formation of the 13 C pocket in a self-consistent way based on a time-dependent overshoot mechanisms. The free overshoot parameter β in the exponentially decaying velocity function is set such as enough neutrons are released in order to maximize the production of s-process elements (see Cristallo et al. 2009 for details). On the other hand, in the Monash models the mixing of protons leads to the formation of 13 C pockets is performed by adding an exponential profile of the proton abundance into the top layers of the He-intershell over an extent in mass M mix , which is a free parameter. A detailed description of this method and related equations is given in Buntain et al. (2017) . These authors also showed that varying the steepness of the exponential function or the variable M mix produces similar results in terms of the s-process abundance distribution. Here, we consider models where only M mix is varied and show them in Table 2 . A few of the Monash models with the lowest mass or the highest metallicity were calculated including non-time-dependent overshoot by extending the base of the envelope by N ov (the value of which is indicated in the footnotes of Table 2 ) pressure scale heights during the TDU. This overshoot does not lead to the partial mixing needed to produce the 13 C pocket, but has the effect of enhancing the TDU efficiency and produce C stars of low initial masses, as required by observations (see discussion in Kamath et al. 2012; Karakas and Lugaro 2016) .
Careful comparisons between the two sets of models in relation to the s-process results can be found in Fishlock et al. (2014) and Karakas and Lugaro (2016) . The main difference between the FRUITY and the Monash sets of models are the absolute values of the elemental abundances, i.e., the [X/Fe] ratios. The FRUITY models have typically lower abundances than the Monash models, depending on the size of M mix . For example, in the case of the 3 M ⊙ model of Z=0.014, the Monash model with M mix = 2 × 10 −3 M ⊙ , results in [Ce/Fe] roughly 0.5 dex higher than the corresponding FRUITY model. This has been noted before and is due also to a different efficiency of the TDU. As demonstrated by Tables 1 and 2 , the elements belonging to the first peak (Y and Zr) behave very similarly to each other, with [X/Fe] values mostly within 0.15 dex. The same applies to the elements belonging to the second peak (Ce and Nd), although some differences of up to 0.3 dex are present in this case in the Monash models of higher mass.
The most obvious feature of both sets of models in Tables 1  and 2 is the shift of the peak abundance production from the first to the second and to the third s-process peak as the metallicity decreases. Figures Table 1 . FRUITY models that achieve [s/Fe]>0.25 at the stellar surface in the metallicity range relevant to Ba stars, computed without rotation. The mass (in M ⊙ ), metallicity, total number of TDU episodes (TDU tot ), final surface abundances [X/Fe] ) and a fundamental consequence of the fact that the neutron exposure τ in the Fe abundances ratio. This ratio increases with decreasing the metallicity because the number of Fe seeds decreases with metallicity, while the number of 13 C nuclei does not change with metallicity. The 13 C nuclei are primary (i.e., metallicity independent) because they are produced by the interaction of H with the 12 C produced by He burning (Clayton 1988) . In other words, fewer Fe seeds capturing neutrons means that more free neutrons are available for progressing to the production of the heaviest elements. The maximum [Ce/Y] value is around 0.8 in both sets of models, however, at higher metallicities the [Ce/Y] ratios from the Monash models are typically higher, at most by roughly 0.3 dex, than the FRUITY models. This may be partly due to the details of the different implementation for the formation of the 13 C pocket, where Buntain et al. (2017) found differences of roughly 0.1 dex for proton profiles not drastically different from each other (see 1.8 M ⊙ models in their Table 5 ), as well as lower temperatures in the intershell in the FRUITY models leading to incomplete burning of 13 C before the onset of the next TP.
The models by Ritter et al. (2017) do not produce high enough Ba and s-process abundances to be able to explain the A&A proofs: manuscript no. main 
level of enrichment observed in the metallicity range of Ba stars in the deC16 sample. This is due to the prescription used for the convective-boundary mixing at the bottom of the convective envelope during the TDU, with an exponential-diffusive model based on Freytag et al. (1996) and Herwig (2000) . This results in 13 C pockets smaller and less efficient in making s-process elements compared to the other models considered here. In the AGB models by Battino et al. (2016) , the efficiency of 13 C pocket formation is higher with respect to the models by Ritter et al. (2017) due to the inclusion of the effect of gravity waves, as according to Denissenkov and Tout (2003) . These models produce [s/Fe] in the range observed in Ba stars, from 0.5 to 1.5 dex, and [hs/ls] ratios from 0 to 0.5 dex for stars of around solar metallicity, within the same range predicted by the Monash and the FRUITY models. Note that both the models by Ritter et al. and by Battino et al. employ convective-boundary mixing also at the bottom of convective TPs, based on the study of Herwig et al. (2007) . This results in an increased 12 C abundance in the He intershell, a higher 13 C abundance in the 13 C pocket, and a local higher number of neutron captures per Fe seeds (Lugaro et al. 2003b ).
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peaks while the s-process flux reaches the third peak at Pb. The production of Pb located at the end of the s-process chain of neutron captures increases steadily with decreasing metallicity (Gallino et al. 1998; Van Eck et al. 2001) , with the result that most of the cosmic Pb is made in low-metallicity AGB stars ).
The effect of the 22 Ne neutron source becomes more pronounced with increasing stellar mass. Similarly to the 13 C reaction, this neutron source also becomes more efficient in producing heavier elements as the metallicity decreases. The 22 Ne abundance derives from the initial CNO abundance in the star and thus it decreases with the metallicity together with the Fe seeds. However, there is a primary component to Ne neutron source is activated efficiently in AGB stars of initial mass above 4-5 M ⊙ , the exact range depending on the metallicity, where it contributes to the production of the bulk of the elements heavier than Fe. In these models, we still see enhancements in the elements heavier than Fe even if the 13 C(α,n)
16
O reaction is not present (see, e.g., the Monash models of masses between 3.5 and 4.5 M ⊙ at Z=0.001 with M mix = 0). In stars of mass between 2.5 M ⊙ and 4 M ⊙ , the exact range again depending on the metallicity, the 22 Ne neutron source is also activated, but marginally. In this case it does not significantly contribute to the production of the bulk of the elements heavier than Fe, but it can act upon and affect the distribution produced by the Ne source in our models of higher mass (>2.5 M ⊙ ) results in higher production of the first peak sprocess elements for metallicities around solar, and higher production of the second peak s-process elements for lower metallicities. This is due to the neutron exposure produced by the Finally, we note that in the Monash models of mass above 3 and metallicity 0.001 (Fishlock et al. 2014 ) the 13 C pocket was not included and the resulting s-process distribution is dominated by the effect of the 22 Ne source producing much more favourably the first rather than the second s-process peak. The resulting [Ce/Y] ratios are negative. There are only three Ba stars at this metallicity and they show positive [Ce/Y], which appears to exclude these models as a fit for these stars.
Results and discussion
In Fig. 5 we plot the [Ce/Y] ratio as function of the overall enhancement of the two elements. In this and the following figures we selected from our full set of models those of mass 1.5, 3, and 4 M ⊙ . This range well represents the observations of the masses of Ba stars, which show a peak at around 2.5 M ⊙ with a spread around it of roughly ±1. Overall, both the data and the models show a qualitatively similar trend: higher [Ce/Y] ratio are expected for higher s-process enhancements. This is a typical feature of the s process because higher neutron exposures naturally result in an increase of both the absolute amount of abundances produced (represented by the x axis in the figure) and a shift towards the second s-process peak (represented by the y axis). Any [X/Fe] ratio, where X is a generic s-process element or a combination of s-process elements such as in the x axis of Fig. 5 , is affected by the binary transfer and accretion mechanism not considered in our models that determines the amount of s-process material carried from the primary to the secondary star. This is because Fe is not significantly affected by AGB nucleosynthesis. The accretion mechanism controls which fraction of the total matter lost by the primary star is deposited onto the secondary. Furthermore, if the Ba star is a giant, as in the case of all the stars considered here, the material deposited at its surface is mixed with the whole stellar envelope and further diluted. Figure 5 shows that the 3 M ⊙ models allow for an overall dilution factor between 0.5 and 1.5 dex. This dilution factor corresponds to a horizontal shift of the model predictions. If we assume for simplicity that the accreted material is mixed with an envelope mass of roughly 2 M ⊙ , this dilution factor translates into roughly 0.7 to 0.07 M ⊙ that need to be accreted from the primary star. The 1.5 M ⊙ models instead only allow for a dilution factor around 0.5 dex, which translates in 0.3 M ⊙ of accreted mass, considering this time an envelope of 1 M ⊙ . The 4 M ⊙ Monash models computed with M mix = 1 × 10 −4 M ⊙ produces a similar result as the 3 M ⊙ models, while only at low metallicity the FRUITY models of the same mass allow for dilution due to mass accretion. The predicted [X/Fe] values depend on the efficiency of the TDU, the mass loss, and the extent of the 13 C pocket. These are the three major AGB model uncertainties, as a consequence the models cannot set strong constraints on the accretion process.
One the other hand, if we consider [X/Y] ratios where both elements are produced by the s process, the dilution due to mass transfer and mixing on the secondary applies to both the elements and in first approximation it is factored out when taking the ratios. For example, the [hs/ls] ratio has been extensively used as a direct measure of the neutron exposure τ in the intershell of AGB stars. This is because the relative accumulation of the s-process peaks is a strong function of the total number of available neutrons, represented by the total time-integrated neutron flux, or τ.
In Fig. 6 we combine the different possibilities of ratios between the first and the second peak s-process elements observed in the Ba stars by deC16 and compare them to the stellar models. We note that while the predicted [X/Fe] are calculated normalising to the solar meteoritic abundances from Asplund et al. (2009) , the observations are normalised to the solar photospheric abundances given in Grevesse and Sauval (1998) . For the species taken into consideration in this paper the largest difference is of 0.07 dex for both Y and Zr, which is comparable to typical uncertainties in the solar abundances themselves. Based on our error calculations the ratios computed using Zr show higher error bars than those computed using Y. The plots show the predicted final surface composition of the AGB stars, i.e., after the last computed TDU episode, while the mass transfer could have occurred earlier. The plotted ratios, however, are not significantly different at earlier times, as far as enough s-process abundances are present at the stellar surface to allow for dilution into the Ba star envelope. The main result is that the data trend of the s-process ratios increasing with decreasing [Fe/H] between 0 and −0.8 is matched by the theoretical trend of the models. This clearly confirms the primary behaviour of the main 13 C neutron source.
Several second-order effects can produce the spread of roughly a factor of three at any given [Fe/H] (see also Fig. 2) : variations in the initial mass, which can affect the activation of the 22 Ne neutron source and the temperature in the 13 C pocket; the treatment of the mixing at the base of the TP, as well as during the TDU (see, e.g., the difference between the "Standard" and the "Tail" FRUITY models in Cristallo et al. 2015a and the magnetic models of Trippella et al. 2016) , and/or mixing within the 13 C pocket possibly due to stellar rotation and/or magnetic fields. Due to the uncertainties associated with all these processes it is not possible yet to accurately establish among these possibilities the actual physics from which the spread originates. Furthermore, the exact location of the theoretical spread cannot be firmly established until systematic uncertainties in the neutron-capture cross sections of the nuclei involved are resolved. For example, the neutron-capture cross section of the main s-process seed nucleus 56 Fe is uncertain at the temperature of 90 MK of the activation of the 13 C neutron source because experimental data are currently available only for temperature around 270 MK and the lower-temperature values are derived via extrapolation using theoretical models. As an exercise, we calculated a 3 M ⊙ , Z=0.014 Monash model increasing the neutron-capture cross section of 
The case of stellar rotation
The transport of angular momentum in rotating stars has received much attentions in the past decade in relation to asteroseismology observations from the Kepler satellite. These have allowed us to infer the rotation of the stellar core as stars evolve from the main sequence onto the giant branch and demonstrate that the cores of red giant stars rotate much slower than expected by models that do not include any coupling of the faster-rotating, contracting core with the slower-rotating, expanding envelope (Mosser et al. 2012; Deheuvels et al. 2015; Gehan et al. 2018) . Rotational rates of white dwarfs also show that they rotate slower than expected (Suijs et al. 2008; Hermes et al. 2017 ). On the other hand, we cannot derive the core rotation for AGB stars directly because the asteroseismology observations that would allow us to do that are expected to be at low-frequency, and their usage is hampered by the frequency resolution determined by the limited length of the available Kepler observations, and by instrumental effects (Mosser et al. 2013 ).
Regarding the s process, stellar rotation and the ensuing difference in the angular momentum between the core and the envelope when the star becomes a giant has been demonstrated to drive mixing inside the 13 C pocket during the neutron flux on the AGB phase and effectively diminish the neutron exposure (Herwig et al. 2003; Siess et al. 2004; Piersanti et al. 2013 ).
A&A proofs: manuscript no. main This is because the partial mixing of protons from the envelope that results in the formation of the 13 C pocket also produces an adjacent 14 N-rich pocket (Goriely and Mowlavi 2000; Lugaro et al. 2003b; Cristallo et al. 2009; Buntain et al. 2017 (Wallner et al. 2016 ) effectively captures the free neutrons. Rotation could thus represent a second parameter that varies the s-process distribution at any given metallicity.
In Fig. 7 we compare the Ba star data to 1.5 M ⊙ FRUITY models computed with and without the inclusion of an initial rotational velocity (IRV) of 60 km/s (Piersanti et al. 2013 ). This is a typical value for stars of this mass, while stars of higher mass are known to initially rotate even faster, >100 km/s (Stauffer and Hartmann 1986; Nielsen et al. 2013 ). Due to the mixing of 14 N into the 13 C-rich region, in the rotating models the neutron exposure in the 13 C pocket is much lower than in the non-rotating models and results in much lower [Ce/Y] ratios. These are not seen in the bulk of the Ba stars, which indicates that strong mixing within the 13 C pocket of their AGB companions should not occur.
Rotating models for the metallicity range of the Ba star sample plotted in Fig. 7 are not yet available for masses different from 1.5 M ⊙ . For stars of masses up to 3 M ⊙ several rotating models have been published at solar metallicity: 2 M ⊙ stars by Piersanti et al. (2013) , and 3 M ⊙ stars by Herwig et al. (2003) and Siess et al. (2004) . While the different codes differ in the details of the final results, the qualitative result is the same as for the 1.5 M ⊙ model plotted in Fig. 7 : rotation decreases the efficiency of the 13 C neutron source and, in turn, the [Ce/Y] ratio. Furthermore, as mentioned above, stars of mass above 1.5 M ⊙ are observed to have initial rotational velocities above 100 km/s, and, for a given set of model inputs, the effect of rotational mixing increases with the initial rotational velocity (Piersanti et al. 2013) . Also asteroseismology observations of the slow down of the core of giant stars and of the rotational velocities of WDs extend to stars of initial mass 2.5-3 M ⊙ (Mosser et al. 2012; Hermes et al. 2017; Gehan et al. 2018) . We derive that in this range of mass our conclusion will hold.
On the other hand, asteroseismologic evidence is not readily available on the evolution of the angular momentum in giant stars of mass above 3 M ⊙ . These are relatively rare in the Kepler field of view (Hekker et al. 2011) due to the initial mass function, their shorter red giant phase (<100 Myr), and the fact that the field of view was shifted out of the galactic plane. One classical Cepheid in the Kepler field (V1154 Cyg, Derekas et al. 2017 ) has an estimated mass of 4.5 M ⊙ . However, we do not see solar-like oscillations in this star probably because the largeamplitude violent pulsations hamper the development of observable turbulence-driven oscillations in the thin convective layers. Among the sample of Hermes et al. (2017) , only three WDs have progenitor mass between 3 and 4 M ⊙ . The most massive rotates faster than any other pulsating WDs. This may indicate a link between higher mass and faster rotation, but more data are required to confirm this trend. In this mass range above 3 M ⊙ , models for the s process including stellar rotation are also still missing.
However, based on the nucleosynthesis evidence detailed below, we can conclude that AGB stars with initial mass much higher than 3 M ⊙ cannot be responsible for the bulk of the Ba stars observations. First, both observations (García-Hernández et al. 2013 ) and models Cristallo et al. 2015b) show that the importance of the 13 C neutron source decreases with the stellar mass. In fact, the FRUITY models of 4 and 5 M ⊙ also presented here do not produce enough s-process enhancements to cover the bulk of the Ba stars observations (see Fig. 5 ). Second, the 22 Ne source can be more significantly activated in these models and help reaching the required s-process enhancements (for example, as in the 4 and 4.5 M ⊙ Monash models presented here), however, as discussed above, this neutron source results in high neutron densities and the efficient production of Rb, with [Rb/Zr] and [Rb/Y] ratios always above −0.25 dex (see Tables 1 and 2). This is in contrast with observations, which show that Ba stars have [Rb/Zr] and [Rb/Y]< −0.4: Fig. 7 of Abia and Wallerstein (1998) , Sec. 6.2 of Busso et al. (1999) , and Fig. 18 of Karinkuzhi et al. (2018b) . Observations of massive AGB stars have confirmed that these stars in fact produce Rb (García-Hernández et al. 2006 , although a quantitative mismatch with the models is still present (van Raai et al. 2012; Karakas et al. 2012 ) and currently being investigated (Pérez-Mesa et al. 2017) .
A braking mechanism to slow down the core is already urgently looked for on the basis of the asteroseismology data (Eggenberger et al. 2017) . Magnetic field , gravity waves (Fuller et al. 2014) , and mixed modes, i.e, gmodes excited in the core coupled to p-modes present in the atmosphere (Belkacem et al. 2015) have been considered so far as possibilities. It could be stressed that a lower injection of initial angular momentum may improve the situation. However, Piersanti et al. (2013) already demonstrated that the introduction of a strong coupling between core and envelope prior to the AGB phase (needed to reproduce observations) would cancel any mixing induced by rotation. The observations of Ba stars provide an independent and complementary constraint for the presence of a mechanism for transporting angular momentum. Further, they indicate that such a mechanism should transport the angular momentum, but not the chemical species.
Conclusion
Based on the large (169 stars) data set of observations of sprocess elements in Ba stars of deC16, we have performed a new comparison between data and model predictions including calculation of more accurate error bars for the ratios of hs elements (Ce and Nd, belonging to the second s-process peak) to ls elements (Y and Zr, belonging to the first s-process peak).
We have compared the results to two sets of models (FRUITY and Monash) for the s process in the AGB star of masses between 1.5 and 4 M ⊙ and [Fe/H] between 0 and −1.2 believed to have transferred the s-process elements onto the companion Ba star. Our main results are as follows:
1. In our analysis we excluded La because we found that the La abundance may be overestimated in some Ba stars. show a clear trend of increasing with decreasing the stellar metallicity. This is in very good agreement with the models, and confirms that the main neutron source in AGB stars, the 13 C nuclei in the 13 C pocket, are of primary origin, i.e., their abundance is independent on the metallicity of the star. 3. At any given metallicity a spread of roughly a factor of 3 is shown by the data. This could be explained by a variety of processes (related for example to the stellar mass, overshoot, rotation, magnetic fields), however, the uncertainties are currently too large to allow us to identify which of these effects plays the main role. 4. Rotating low-mass AGB models (with initial mass < 3 M ⊙ )
produce ) are not yet available, however, such stars cannot be invoked as responsible for producing the bulk of the observed Ba star data. This is because their 13 C pockets are too small to result in s-process enhancements high enough to match the observations and/or the more significantly activated neutron source 22 Ne results in production of Rb higher than observed (Abia and Wallerstein 1998; Karinkuzhi et al. 2018b ).
Future work involves the analysis of other elements in the same set of Ba stars, from C and O to other heavy elements, such as Rb (also to further confirm that the 22 Ne is not the main source for the s process) and Pb. Furthermore, the Ba star set of deC16 should be compared to the set of Escorza et al. (2017) -there are roughly 70 stars in common -to associate a mass to each star and verify if the composition of each Ba star can be matched by models of the appropriate mass. The Ba star observations also need to be compared to observations of other sprocess enhanced stars, from C stars (Abia et al. 2002) , to post-AGB stars (De Smedt et al. 2016) as well as CH and CEMP stars Abate et al. 2015a,b; Cristallo et al. 2016) . Future work also involves the detailed analysis of the effect of upcoming new experimental data on the neutron-capture cross sections of the isotopes of interest here. Finally, meteoritic stardust SiC grains from C-rich AGB stars also show the clear indication of the s-process in their parent stars (Lugaro et al. 2003a; Liu et al. 2014a Liu et al. ,b, 2015 Lugaro et al. 2018) . They should be also considered together with spectroscopic observations to produce a complete picture of the s-process in AGB stars.
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